By marking cells of early gastrula stage embryos, we showed that in embryos mutant for a strong tll allele the fate map is shifted posteriorly and the hindgut anlage is deleted. We therefore used aspects of hindgut development to characterize the phenotype of new and previously described tll alleles. In embryos mutant for the various alleles, relative levels of blastoderm expression of Trg (T-related gene, required to establish the hindgut) and of mature hindgut size were determined; the results of these assays correlated with each other. Of the alleles that map to the sequence encoding the Tailless nuclear receptor protein, all (four) affect the zinc fingers of the DNA binding domain; surprisingly, substitutions of highly conserved residues allow a range of activities as detected by our bioassays.
Introduction
In the Drosophila embryo, formation of the brain at the anterior and, at the posterior, of the eighth abdominal segment, 'tail' structures and posterior gut requires the activity of the tll gene (Strecker et al., 1988; Pignoni et al., 1990) . In blastoderm stage tll mutant embryos, the seventh (most posterior) stripe of expression of the pairrule genes ftz and eve is missing (Frasch and Levine, 1987; Mahoney and Lengyel, 1987; Casanova, 1990) . These phenotypic and gene expression studies indicate that tll is required early in the posterior of the embryo to establish cell fate. As was previously shown by Strecker et al. (1986) , mature tll embryos are of normal length and exhibit an increase in the size of posterior abdominal segments. The more posterior position of the fifth and sixth stripes of ftz expression in tll as compared to wild type embryos (Mahoney and Lengyel, 1987) indicates that a portion of the fate map in tll embryos is expanded towards the posterior at the expense of the posterior terminal anlagen.
The effect of the tll gene on the early embryonic fate map is presumably due to its role in regulating the expression of pattern formation (segmentation) and other genes at the blastoderm stage. tll has a dual function as a gene regulator : it represses (and thus sets the posterior border of expression of) the gap genes Kriippel, knirps and giant (reviewed by Hillskamp and Tautz, 1991) ; it also activates the posterior stripe of expression of the gap gene hunchback (Margolis et al., 1995) , the seventh stripe of expression of the primary pair-rule genes hairy and even-skipped (Frasch and Levine, 1987; Mahoney and Lengyel, 1987; Weigel et al., 1990) and the terminal expression of the genes fork head and T-related gene (Trg) (Gaul and Weigel, 1991; Kispert et al., 1994) .
Consistent with its gene regulatory function, tll encodes a transcription factor, i.e. a member of the nuclear receptor superfamily (Pignoni et al., 1990) . Members of the nuclear receptor family have, in their more N-terminal portion, a well-conserved DNA-binding domain. In addition, at the more C-terminal portion, nuclear receptors have a less well-conserved domain that appears to have a number of functions and is referred to as the ligand binding domain (reviewed by Laudet et al., 1992) . The proteins encoded by the Drosophila tll gene, as well as by the apparently homologous vertebrate gene Tlx, share these defining structural motifs of nuclear receptors (Pignoni et al., 1990; Liaw et al., 1993; Yu et al., 1994; Monaghan et al., 1995) .
To definitively determine the role of tll in establishing the fate plan of the early gastrula stage embryo, we used HRP injection to compare the distribution of posterior terminal primordia in wild type embryos with that of embryos homozygous for a strong tll allele. In tll embryos, there is a juxtaposition of the seventh abdominal segment (A7) to the posterior midgut anlagen, i.e. a deletion of the A8 and hindgut anlagen. By examining the effect of different tll alleles on expression of Trg (which is required for hindgut development) and on hindgut size, we were able to place both new and previously existing tll alleles in an allelic series. We carried out molecular mapping of tll alleles in this series to identify domains and residues within the Tailless protein that are required for function and that are responsible for the different levels of tll activity. The four tll alleles that map to the coding region were all found to affect the zinc fingers in the DNAbinding domain. We correlate these amino acid substitutions in the DNA binding domain with the strength of their in vivo phenotypic (hindgut) defects.
Results

Altered fate map in tll mutant embryos
At the syncytial blastoderm stage, tll RNA is expressed in a domain from 0 to 20% egg length (EL); the anterior border of this domain recedes to 15% EL by the cellular blastoderm stage (Pignoni et al., 1990) . The region of the blastoderm fate map affected by complete loss of tll activity, i.e. in a null mutant, is from 4 to 24% EL; this domain gives rise to the eighth abdominal segment and the anal pads externally, and to the hindgut, Malpighian tubules and part of the posterior midgut internally (Strecker et al., 1986 (Strecker et al., , 1988 Pignoni et al., 1990) .
In order to directly assess cell fate in tll mutant embryos, we established a fate map for the posterior region of the wild type early gastrula that was based on cell marking by intracellular HRP injection (Fig. 1A) . We chose various injection sites that in the wild type give rise to hindgut and/or Malpighian tubules and to posterior abdominal segments; these injection results for tll mutant embryos are summarized in Fig. 1B . A comparison of the wild type and tll fate maps shows that positions giving rise to hindgut and Malpighian tubules in wild type embryos contribute to the most posterior abdominal segment (A7) in tll mutant embryos. Similarly, positions contributing to A8 and A7 in wild type embryos give rise to A6 in tll mutant embryos. In the wild type early gastrula embryo, two lines can be drawn: one marks the anterior boundary of the posterior midgut primordium (PM in Fig.  1A) ; the second marks the anterior boundary of the hindgut primordium (and hence the boundary between primordia for internal (gut) and external (epidermal) structures) (HG in Fig. 1A ). In the tll embryo, only one such line can be drawn; this marks the anterior boundary of the posterior midgut primordium and separates this anlage for an internal (gut) structure from the anlage for an external structure (A7) (PM in Fig. 1B ). These results demonstrate that, at the early gastrula stage, the hindgut anlage is deleted from tll mutant embryos.
Additional experiments were done to unequivocally determine the segmental identity of the marked cells in the tll embryos; cells were labeled with HRP in embryos both homozygous mutant for tll and carrying the 1acZ gene under control of either the en or the ftz promoter. Similarly to what was described for the generation of the fate maps described above, equivalent positions (in terms of % EL and % ventral dorsal (VD)) were injected for wild type and tll early gastrula embryos. Injection into the same position of wild type as compared to tll embryos resulted, when the older embryos were compared, in the appearance of label in different structures. When wild type embryos were injected at 15% EL on the ventral side (0% VD), cells of parasegment (PS) 13 (and less fre Fig. 1 . Altered fate map in tll mutant embryos. A fate map for the posterior region of the wild type embryo was determined based on HRP injection into cells of the early gastrula (see Section 4) (A). The different HRP injection sites along the anteroposterior (% EL) and the dorsoventral axis (46 VD) of the embryo are indicated by circles. Structures that contained labeled cells in stage 13/14 embryos are indicated in the circles. The structures and organs that were labeled most frequently after injection at the respective site am printed in bold. HRP injections into tll embryos resulted in an altered fate map in which anlagen giving rise to A6 and A7 are shifted posteriorly and abut the posterior midgut anlage (B). These fate maps were confumed by comparing ftz 1acZ and en 1acZ expressing wild type and 111 embryos carrying HRP labeled cells. In wild type embryos, intracellular HRP injection at 15% EL on the ventral side (0% EL) labels cells later found in PS 13 ((C), stage 10). Injection at the same site in rll embryos leads to labeling of quently PS 12) were labeled (Fig. IC) . Injection into the same position of tll embryos resulted in labeling of PS 11 (and less frequently PS 12) (Fig. 1D ). After HRP injection at 20% EL on the dorsal side (100% VD) of the wild type, labeled cells were later found in the invaginated hindgut primordium (Fig. 1E) . In tll embryos, on the other hand, injection at the same position resulted in labeled cells that did not invaginate but were located in the epidermis behind the most posterior (sixth) stripe of ftz expression (Fig. 1F) . Finally, while injection at 0% EL in wild type embryos resulted in labeled cells in the posterior midgut or in the hindgut (Fig. lG) 
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in tll embryos resulted in labeled cells predominantly in A7 (and less frequently in the posterior midgut) (Fig. 1H) . We can summarize the results of these experiments by saying that the fate map is altered in tlf mutant embryos such that, anterior to the posterior midgut anlage, positions in tff embryos have a more anterior fate than the same positions in a wild type embryo. Thus, cells in a position that in a wild type embryo will give rise to internal (hindgut/Malpighian tubule) structures will, at the same position in an embryo lacking tff activity, give rise to external (epidermal) cells. The juxtaposition of A7 and posterior midgut fates at the early gastrula stage in tll embryos (observed in embryos injected at 0% EL) indicates that the A8, telson and hindgut/Malpighian tubule fates are deleted from early gastrula tfl embryos. Consistent with the fact that we did not observe significant cell death in tll embryos (R.H., data not shown), the absence of these posterior terminal structures from mature tlf embryos must be due to a change in cell fate, rather than to cell death.
tff allelic series
As demonstrated above, the anlage for an internal structure, the hindgut, is one of the major elements deleted from the early gastrula fate map in a strong tfl mutant embryo. It is largely external cuticular structures, however, e.g. A8, filzkorper and anal pads, that have been used to characterize the relative strengths of different tll alleles. Thus it has been shown that A8 is always missing from t1P9 embryos, usually missing from tlP embryos, and present in tl12 embryos (Strecker et al., 1988; Pignoni et al., 1990) , placing these alleles in the order tff'49 > tlf' > tf12. As two new alleles, t11129 and tllre3, were available, we also examined posterior cuticular structures of the homozygous mature embryos. In t11129 cuticles, the anal pads are missing, the filzkorper (derived from A8) are generally present but abnormal, and the A8 denticle belt is pre- Fig. 2 . Gradation of Trg expression in blastoderm embryos homozygous for different tll alleles. tll embryos are from stocks in which the tll mutant chromosome is carried over a ftz-1acZ balancer chromosome; mutant embryos were distinguished from wild-type and heterozygous embryos by their lack of 1acZ expression (see Section 4). Trg and 1acZ mRNA were detected by whole mount in situ hybridization. All embryos shown were hybridized in the same experiment and the hybridized probe was detected by the same length of staining time (3 h). All embryos are at stage 5 (beginning of cellularization; note similar incursion distance in all of the embryos of the membrane that is beginning to separate the nuclei). Embryos are oriented with the anterior pole to the left. (A) tlP@, (B) t11r49, (C) tll', (D) fll'29, (E) tl$, (F) tZlte3, (G) Oregon R (wild type). We note that although Trg expression is, as described previously, primarily dependent on tll activity (Kispert et al., 1994 ) we detected a very low level of Trg mRNA expression in tllW embryos (A). Therefore there must be another system in addition to tll (possibly maternally encoded Caudal protein) that can activate Trg transcription at a low level at the most posterior tip of the embryo. Fig, 3 . Gradation of hindgut size observed for the different tll alleles. Embryos are from stocks in which the tll mutant chromosome is carried over a ftz-1acZ balancer chromosome; mutant embryos were distinguished from wild-type and heterozygous embryos by their failure to be stained with anti$-gal antibody (see Experimental Procedures). Because it is double-stained, the wild-type embryo (A) is darker than the mutant embryos (B-F). The embryos are arranged in order of decreasing hindgut length (as compared to wild-type); this is the order determined by measuring hindguts of multiple embryos (see Table 1 ). Note that as the embryos become more severely affected, the orientation of the tilzkiirper relative to the anterior-posterior body axis changes from roughly +20 to +35" (wild-type in (A)) to 0 to -20" (tll lz9 in (D)); this is due to the loss of the anal pads and the immediately dorsal epidermis. In the most severely affected embryos (111' and t11149, (E) and (F), respectively), the filzkorper are absent. Wild-type stage 16 embryo, normal hindgut length (A); de3 stage 17 embryo, hindgut slightly shorter than wild-type (B); tllz stage 16 embryo, hindgut is shorter and broader than wild-type (C); tdz9 stage 16 embryo, hindgut is even shorter (D); tll' stage 16 embryo, hindgut very short and narrow (E); t11149 stage 16 embryo, no hindgut detectable (F), The hindgut or hindgut remnant is indicated in each embryo in which it is present by an arrow. sent but sometimes reduced (F.P., not shown); this phenotype makes t1P9 a slightly stronger allele than t112. The tlP3 allele, on the other hand, appears to be weaker than tlP, i.e. to be the weakest known allele; in tllle3 cuticles only the anal pads are reduced or missing, and only 20% of tll'e3 homozygotes die as embryos, compared to 40-50% for tlP (Strecker et al., 1988; Pignoni, 1994) . These results, and the more severe posterior midgut defect of the deficiency tlP@ (Pignoni et al., 1990) , place the available tll alleles in the order (strong to weak): tlW > t11 '49 > tll' > tlP > tlP > t1P. Does this rank order of strength of tll alleles, based on deletion of posterior epidermal structures, also obtain for deletion of posterior gut structures? In other words, do alleles causing larger deletions of A8, for example, also cause correspondingly larger deletions of the hindgut? As a marker for the size of the hindgut anlage in the early embryo, we used the expression of Trg, which is expressed at the blastoderm stage under positive control of tll and is required for formation of the hindgut (Kispert et al., 1994; Harbecke and Lengyel, 1995) . To assess the relative size of the mature embryonic hindgut, we measured the cross-sectional area of the hindgut in stage 15, 16 and 17 embryos.
We found a broad range in level of Trg expression in embryos carrying different tll alleles. In the complete absence of zygotic tll activity (i.e. in embryos homozygous for the deficiency tlW) expression of Trg is barely detectable (Fig. 2A) . Slightly more Trg expression is seen in embryos homozygous for the most severe allele tll'49; there is a higher, but still very low level of Trg mRNA in embryos carrying the somewhat weaker allele tll' (Fig.  2B,C) . Distinctly more Trg mRNA is seen in tl1129, tl12 and tlP embryos, although levels are not easy to distinguish among the embryos shown in Fig. 2D -F, which were all stained for a relatively long period. Staining of embryos for a shorter period of time (45 min; J.S., data not shown) revealed that there is more Trg expression in tllre3 than in tl12 embryos. The highest level of Trg mRNA is seen in wild type embryos: the strong cap of Trg expression covers the posterior 20% of wild type embryos, the posterior 12-138 of embryos homozygous for most tll alleles, and less than 10% of the posterior of tllp@ and t11'49 embryos (Fig. 2 , compare D-F with G). On the basis of relative levels of Trg expression at the cellular blastoderm stage, the tll alleles can be ranked in the order tlW > tll'49 > tll' > tll"9 = tl12 > tlP3. Thus, ranking of the tll alleles on the basis of their effect on the expression of an early marker for the hindgut primordium gives essentially the same results as ranking on the basis of deletion of posterior epidermal structures.
Is the gradation in Trg expression seen in embryos homozygous for various tll alleles correlated with size of the differentiated hindgut? To answer this question, embryos were stained with anti-crb antibody, which stains the apical surface of all ectodermally-derived epithelia, including that of the Malpighian tubules and the hindgut (Tepass et al., 1990) . Representative mutant embryos, distinguished by their failure to express /I-galactosidase encoded by the 1ucZ gene on the balancer chromosome, are shown in Fig. 3 . A range of hindgut sizes is observed, from tlP9 and tll' embryos in which no or little hindgut can be detected, to tlPe3 embryos in which the hindgut appears almost normal in size. Hindguts of intermediate size are seen in tl1129 and tl12 embryos.
To obtain a quantitative measurement of relative hindgut size, hindgut cross-sectional area (proportional, in principle, to the size of the hindgut cylinder; see Experimental Procedures) was measured for stage 15, 16 and 17 embryos of each allele (Table 1 ). While our measurements reveal significant variation in hindgut size among the embryos mutant for any one allele, they place the alleles in the same rank order as that obtained by the phenotypic analyses and Trg expression levels described above. Thus, of the non-deficiency alleles, t1l'49 gives the strongest cuticular phenotype, the least expression of Trg and a non-existent to minuscule hindgut; tll', a slightly weaker allele based on the cuticular phenotype and Trg expression level, also gives a severely reduced hindgut, but in this case a remnant is now clearly visible. The newly obtained allele tl1129 gives an intermediate phenotype, in which the hindgut is about half of the wild-type size. The Table  1) . The results described above show that the tll alleles can be placed in the same order of phenotypic strength on the basis of the deletion of either external structures (A& anal pads) or an internal structure (hindgut). Furthermore, different tll alleles result in a gradation in levels of Trg expression, and these levels of Trg expression are correlated with the size of the differentiated hindgut.
Molecular analysis of tll alleles
tll encodes a nuclear receptor protein with a highly conserved DNA binding domain (containing two zinc fingers) and, within the 'ligand binding domain', conserved elements such as a Ti domain and heptad repeats (reviewed by Laudet et al., 1992; Liaw et al., 1993) . Having established a rank order of the different tll alleles, we can now correlate biological (in vivo) activity with amino acid alterations within conserved structural motifs of the Tailless nuclear receptor.
The molecular defects in the five tll alleles were determined by restriction fragment length polymorphism, single strand conformational polymorphism and sequencing analysis (see Section 4; Diaz, 1994) . The alterations in the different alleles of the series are shown in Fig. 4 and are as follows. The tlW allele, as already described (Pignoni et al., 1990) , is a deletion of the entire tll locus. The strongest point allele, tl1149, is a stop codon; thus the t11"9 protein terminates in the second zinc finger at the leucine just before the second cysteine (Fig. 4) . In the next strongest allele, tll', a single base change causes the first cysteine in the first zinc finger to be replaced by tyrosine. In the intermediate allele t11129, the first cysteine in the second zinc finger is replaced by arginine. The Fig. 4 . All four tll alleles map to the DNA binding domain. The DNAbinding domain of the Tailless protein is drawn by analogy to the structure determined for the same domain of the glucocorticoid and retinoic X receptors (Luisi et al., 1991; Lee et al., 1993) . The residues affected by the various mutations are numbered (with the first amino acid of the conceptual protein sequence = 1) and circled; the numbering of amino acids and nucleotides is according to Liaw et al. (1993) . The amino acid substitutions resulting from each mutation are indicated by arrows; the relevant allele is indicated in parentheses. The nucleotide changes and their nucleotide positions responsible for these amino acid substitutions are: tll' (TGC + TAC, +454), tllte3 (GGC +AGC, +480), tll'29 aGC -_) S;GC, +561) and tll'49 (TGl+ TGA, +596). The change at position +596 in the t11'49 DNA generates a new DdeI site which was initially detected as a restriction fragment length polymorphism (RFLP) (Diaz, 1994) . In addition to these changes, two changes in the DNA encoding the ligand-binding domain of the tN149 allele were identified by SSCP analysis and were shown by sequencing to be due to CAG -+ CGG at +1295, which results in a change from glutamine to arginine, and GGc+ GGT at +1405, which results in no change. The arginine for glutamine substitution cannot contribute to the tll'49 phenotype, however, since it occurs downstream of the stop codon in the DNA binding domain, We also detected a nucleotide change in tll' DNA (GIG + GCG at +559), which results in the substitution of Val69 with Ala. Since these amino acids are similar and Ala occurs naturally at this position in the nuclear receptor encoded by the rcltmspiracle (usp) gene (Laudet et al., 1992) . the tl12 phenotype is most likely attributable solely to the inversion in the tll promoter region (Strecker et al., 1988; Pignoni et al., 1990 ) which would be expected to reduce tll expression by ten-fold (Liaw and Lengyel, 1992) . slightly weaker allele tl12 is an inversion that disrupts the proximal promoter region (Pignoni et al., 1990 ); previously described promoter dissection studies indicate that this inversion should significantly reduce the level of tll mRNA (Liaw and Lengyel, 1992) . The tl12 mutant chromosome does not carry any alterations in the coding region that would be expected to lead to a phenotype (see legend to Fig. 4 ). In the weakest allele, tll'e3, a single base change results in replacement of a glycine near the tip of the first zinc finger with serine (Fig. 4) .
In summary, all of the tll alleles that affect the coding sequence map to the DNA-binding domain. All four of these mutations are single base pair changes that lead to a stop codon or to substitution of single amino acids within the zinc fingers. The strongest allele leads to a truncated protein, two weaker alleles cause substitutions at conserved cysteines, and the weakest allele causes a substitution at a conserved glycine residue. We discuss the significance of these results below.
Discussion
Posterior terminal structures are missing from the mature embryos homozygous for a strong tll allele; we demonstrate here that this is traceable to an altered fate map at the early gastrula stage. Analysis of posterior epidermal structures, Trg expression and hindgut size consistently places pre-existing and newly obtained tll alleles in a series of graded strength: tllp@ > tll'49 > tll' > t11'29 > tl12 > t111e3. The tll gene encodes a member of the nuclear receptor superfamily;
we here identify the molecular lesion in the four alleles that map to the tll coding region and relate the amino acid substitutions to the relative activity of the protein inferred from the phenotypic analysis.
Alteration offate map in tll mutant embryos
While previous analysis of cuticular phenotype and pair-rule gene expression were consistent with a fate map change (Strecker et al., 1986; Frasch and Levine, 1987; Mahoney and Lengyel, 1987) , our HRP injections into cells of the early gastrula unequivocally demonstrate that the fate map in tll mutant embryos is altered. A deletion of A8 and expansion of the posterior domain giving rise to segments A5 through A7 was indicated earlier by analysis of pair-rule gene expression in blastoderm stage embryos (Frasch and Levine, 1987; Mahoney and Lengyel, 1987) ; the unique result from intracellular HRP injections is that there is a juxtaposition in the tll embryo between A7 fate and posterior midgut fate. Expansion of abdominal segment A7 is apparently achieved by a switch in cell fate from an interior (anlagen of hindgut and Malpighian tubules) to an exterior, epidermal fate (A7). In contrast to embryos mutant for the gap genes hb and Kr, in which cell death has been reported for the prospective epidermal primordia that fail to express the required gene (Jgckle et al., 1985; Lehmann and Niisslein-Volhard, 1987 ), we did not observe a level of cell death consistent with the loss of the hindgut and Malpighian tubule anlagen (R.H., unpublished results). Thus, absence of hindgut and Malpighian tubules seen in the mature tll embryo is not due to cell death, but follows directly from an alteration in the fate map.
Our phenotypic analysis of the allelic series identifies a region of the blastoderm fate map that is most sensitive to loss of tll activity. The most sensitive (i.e. still defective in the weakest allele tP) epidermal structure is the anal pads. Consistent with the allelic series based primarily on epidermal structures, we found that the different rll alleles also produce a range of sizes for the hindgut, from almost none in tl1149, about one-half normal size in tl1129 and almost normal size in tW embryos. Staining with anticaudal antibody reveals that, although more difficult to quantitate, the posterior midgut does not appear as severely affected as the hindgut in tll embryos. Thus, t11'49 embryos lack about half of the posterior midgut (Pignoni et al., 1990) , but this structure appears almost normal in size in t11129 embryos (which lack a significant portion of the hindgut) and entirely normal in tllte3 embryos (J.A.L., data not shown). The regions in the blastoderm fate map most sensitive to loss of tll activity are thus the anlagen for the anal pads and hindgut. From our observations on embryos during measurement of hindgut size, it appeared that anal pads, Malpighian tubules and hindgut were reduced to roughly the same extent within any particular embryo; thus the anlagen of these structures seem equally sensitive to loss of tll activity. This is consistent with the mapping of these anlagen to the same region of the blastoderm embryo, a ring between 5 and 10% EL (Jiirgens and Hartenstein, 1993) , roughly in the middle of the posterior cap of tll expression (Pignoni et al., 1990) . We note that the structures most sensitive to loss of tll are also the main structures affected in embryos lacking Trg (Kispert et al., 1994; Harbecke and Lengyel, 1995) , suggesting that Trg is one of the critical mediators of tll function.
Our cell marking and phenotypic analysis data indicate that reduced levels of tll activity result in a reduced number of cells becoming committed to the proctodeal fate. Previously, based on analysis of cuticle (an epidermal derivative), we concluded that there is an anterior-posterior gradient in the requirement for ftt activity and that higher thresholds of tll activity are required for the commitment of cells to more posterior cuticular structures (Strecker et al., 1988) . As discussed above, analysis of the allelic series reveals that a higher threshold of tll activity is required for commitment to the anal pads/hindgut/Malpighian tubule anlagen, which arise from a more posterior position in the blastoderm fate map (Jtirgens and Hartenstein, 1993) . The extent of the hindgut anlage must be limited in the posterior by huckebein (hkb) expression, which causes cells to be committed to a midgut fate (Bronner et al., 1994) . Thus as tll activity becomes progressively reduced in the various tll mutants, the proctodeal-inducing threshold activity retreats posteriorward and the number of nuclei that are at the same time exposed to this threshold, but not to midgut-inducing hkb activity, becomes progressively smaller. This model is consistent with our analysis of Trg expression, which is activated by tll and repressed by hkb @pert et al., 1994), and can be considered a marker for genes induced in the hindgut anlage: as tll activity is reduced, Trg expression level is reduced and its expression domain becomes confined to a smaller region at the posterior tip of the embryo.
Phenotypic effect of amino acid substitutions in the Tailless protein: relationship to structure of the DNA binding domain and to other receptor mutants
All four tll mutations in the coding region map to the DNA-binding domain. Since this is the most conserved portion of the Tailless protein and does indeed bind to DNA of genes regulated by tll Pankratz et al., 1992; Margolis et al., 1995) , it is not surprising that there are lethal mutations that disrupt this domain. While our ranking of phenotypic strength of these four tll mutations is consistent with previous observations on the effects of amino acid substitutions in various nuclear receptors, the novel result is that even the strongest of the various tll mutations has a small but measurable level of activity, as assessed by biological function.
The tl1149 mutation is the strongest allele identified, and leads to chain termination just before the sixth cysteine (the second cysteine in the second finger). A chain termination between the two zinc fingers in the androgen receptor has been reported to result in complete androgen insensitivity, i.e. no detectable activity (McPhaul et al., 1993) . The presence of a slightly greater amount of posterior midgut in tl1149/tllPsX than in tlW embryos (Pignoni et al., 1990 ) and the greater expression of Trg in tllf49 as compared to tlP@ embryos suggests that the t11"9 allele has a small residual activity. An alternative explanation for the slightly stronger tllP@ phenotype, however, would be that this deficiency deletes another gene that also has an effect on gut development.
Two tll point mutations map to one of the invariant cysteine residues in the fingers of the DNA-binding domain. These eight invariant cysteines form the core of two zinc fingers that are required to maintain the threedimensional structure of the DNA-binding domain (Freedman et al., 1988; Luisi et al., 1991) , which is similar for all the nuclear receptors examined in detail (Luisi et al., 1991; Lee et al., 1993; Schwabe et al., 1993) . The tlll and tl1129 alleles encode proteins in which the first cysteine of the first and second zinc fingers are replaced by tyrosine and arginine, respectively. Although the precise tll' and tl1129 substitutions have not been tested, replacement of various of the eight cysteines with many different amino acids (including tyrosine and arginine) in the glucocorticoid and androgen receptors and in the Knirps protein has been found to abolish activity in most DNA-binding and transfection/transcriptional activation assays (Hollenberg and Evans, 1988; Severne et al., 1988; Schena et al., 1989; Zoppi et al., 1992; Sultan et al., 1993; Gerwin et al., 1994) . Significantly, however, both tll' and t11129 substitutions result in some activity, as assessed biologically: t11129 embryos show a level of Trg expression markedly greater than that in t11'49 embryos, and both th"29 and tll' embryos have larger hindguts than seen in t11'49 embryos.
The weakest allele, tZlle3, leads to substitution of a conserved glycine with serine. This glycine, which is at the tip of the first finger, is conserved in all nuclear receptors (Laudet et al., 1992) . The three amino acids Cterminal to this glycine in the glucocorticoid receptor make phosphate contacts with the DNA (Luisi et al., 1991) ; substitution of this glycine with any other amino acid (bearing a side chain) might be expected to interfere with these contacts. Indeed, substitution with aspartate leads to reduced DNA binding of the vitamin D receptor and severe vitamin D-resistant rickets (Hughes et al., 1988) , while substitution with valine or phenylalanine in the androgen receptor leads to only partial androgen insensitivity (Sultan et al., 1993) . Consistent with the intermediate effects of glycine substitution on the androgen receptor, t11L3 has the highest level of activity among the tll alleles, i.e. the highest level of Trg expression and the least reduction in epidermally-derived and hindgut structures.
It is striking that all tll alleles, even t1P9 which gives a protein truncated in the second zinc finger, show some biological activity. One of these activities is the ability to activate transcription of Trg in vivo, which presumably depends on ability of the Tailless protein to bind sequence in the Trg-regulatory DNA. It is possible that this in vivo assay is more sensitive than the DNA-binding assays used to characterize most receptor mutants; alternatively, Tailless may be unusual among receptor proteins in the ability of cysteine-substituted or truncated zinc fingers to bind to DNA. Only one case, that of the retinoid X receptor, has been reported in which substitution of an invariant zinc finger cysteine (with an alanine) allows DNA binding; in this case the receptor binds as a dimer with a non-mutant partner (Leid et al., 1992 ). Yet another possible explanation for the observed activity of the point mutants (but not for the t11149 truncation) is that their activity is actually due to some function of the ligandbinding, rather than their DNA-binding domains.
Although our phenotypic analyses demonstrate activity of Tailless protein mutants that might not be detected in other assays, it is worth noting that different assays reveal the same relative sensitivity of particular residues to substitution.
Thus in the glucocorticoid receptor and in the Tailless protein, substitution of one of the cysteines of the zinc fingers leads to a significantly stronger phenotype than substitution of the glycine near the tip of the first finger.
Implications of the tll mutations for understanding of the ligand binding domain
Given the size of the DNA-binding domain relative to the entire protein (68 versus 452 amino acids), mapping of all four of the tll mutations to this domain is unexpected ((68/452)4 = 0.0005) if mutations in any part of the protein are equally likely to cause lethality. Although the DNA-binding domain is the most highly conserved portion of the protein (100% identical between Drosophila melanogaster and Drosophila virilis (Liaw et al., 1993) and 81% identical between Drosophila and vertebrates (Yu et al., 1994; Monaghan et al., 1995) ), the 200 amino acid ligand binding domain is also highly conserved (94% identical between Drosophila melanogaster and Drosophila virilis (Liaw et al., 1993) and 41% identical between Drosophila and vertebrates (Yu et al., 1994; Monaghan et al., 1995) ). The ligand binding domain of both Tailless and Tlx proteins contains a conserved putative dimerization domain (consisting of seven heptad repeats) and there is some evidence that the protein (particularly Tlx) binds as a dimer (Laudet et al., 1992; Liaw et al., 1993; Yu et al., 1994) . The ligand binding domain of both the Tailless and the vertebrate Tlx proteins also contains a conserved Ti domain, believed to be involved in hormone-and/or dimerization-dependent release from transcriptional inactivation (reviewed by Forman and Samuels, 1990) . No ligand is known for the Tailless or Tlx proteins; the effect of ectopic expression of tll in the early embryo suggests that if there is a ligand, it must be uniformly distributed at this time .
It may be that a variety of amino acid substitutions in the DNA-binding domain of the Tailless protein can result in lethality, while substitutions in other portions of the protein (in particular the ligand binding domain) are deleterious, but not completely lethal. This might explain the relative scarcity of lethal tll point mutations identified (a total of seven from 58 000 chromosomes screened). The high conservation of the ligand-binding domain could be explained if amino acid substitutions in the domain, although rarely leading to lethality, frequently lead to severely decreased fitness. Interaction of the ligand binding domain with another molecule (either a small ligand or a protein) could contribute to fitness, resulting in conservation of the structure of the domain; if this interaction is not absolutely required for life, it would be difficult to identify lethal mutations mapping to the domain. Thus, while sequence conservation, in vitro DNAbinding, and mapping of mutant alleles clearly establish the function of the DNA-binding domain of the Tailless protein, we are still searching for a function of the conserved ligand-binding domain.
Experimental procedures
I. Fly stocks
All tll alleles have been defined as lethals; there are no known viable mutant alleles. Two alleles were isolated in EMS (ethyl methane sulfonate) mutagenesis screens: the original tll allele, tll', from 12 600 st e chromosomes (Jiirgens et al., 1984) and the previously undescribed allele tllle3from 10 000 cu chromosomes (J.R. Merriam, personal communication).
The remaining alleles were isolated in X-ray mutagenesis screens: tl12 from 10 100 ca Kpn chromosomes (Strecker et al., 1988) , the deficiency tlW from 5000 ri e chromosomes and tllL4' and the previously undescribed allele tll12' from 20 000 cu chromosomes (Pignoni et al., 1990) . For molecular analysis, each of the tll alleles, and the corresponding parental chromosome, was placed over the TM3, Sb e balancer chromosome and compared to the parental chromosome over the same balancer. For phenotypic analysis, each allele was balanced over TM3, ftz-1acZ Sb e (this latter chromosome carries a P-element insert in which the Esherichia coli 1acZ gene is under control of thefushi turuzu (ftz) promoter).
For injection experiments (see below), either the wild type or the tll' allele (Jiirgens et al., 1984) was used. To avoid a possible influence of the balancer on embryogenesis, tll'ITM3 heterozygous males were mated to wild type females and the tllz-carrying offspring crossed inter se to produce embryos for injection. In some experiments, the fate of the injected cells was determined by their position relative to specific stripes of #I-galactosidase expression driven by either the fishi tarazu or engrailed promoter. An X chromosome carrying the P insertion P[ry+ftzllacZ] was obtained from Y. Hiromi, and a second chromosome carrying insertion P[lacZ] under the control of engruiled from T. Kornberg; stocks containing the P insert as well as the tll' mutation were synthesized.
Injection of horseradish peroxidase into cells of the early gastrula and detection of marked cells
Eggs were collected at 30 min intervals on apple juice agar dishes (Ashburner, 1989 ) with a drop of 45% acetic acid on a piece of filter paper. When eggs had reached the blastoderm stage (approximately 3 h at 25"C), they were prepared for HRP injections, as described by Technau and Campos-Ortega (1985) . HRP was injected as a 10% solution in 0.2 M KC1 after the onset of gastrulation, when the anterior margin of the amnioproctodeal invagination had reached 20% EL on the dorsal side. After completion of germ band shortening (stage 13; all embryonic stages are according to Campos-Ortega and Hartenstein, 1985) , injected embryos were fixed according to Technau and Campos-Ortega (1985) and stained for HRP with a 10% solution of 3,3'-diaminobenzidine tetrahydrochloride (DAB) in phosphate buffered saline (PBS) and 10~1 of a 30% HzOz solution. Subsequently, embryos were washed in PBS, dehydrated in an ethanol series and transferred through propylene oxide to Epon. For the combined staining for both HRP and /I-galactosidase, embryos were prefixed in a heptane/ glutaraldehyde mixture, mechanically devitellinized and histochemically stained for Bgalactosidase with 8% X-gal solution in dimethyl formamide. Embryos were then fixed in 2.5% glutaraldehyde and stained for HRP as above.
In situ hybridization
In situ hybridization to whole mount embryos was performed as described by Tautz and Pfeifle (1989) with minor modifications (Pignoni et al., 1990) . To distinguish tll homozygotes (mutants) from heterozygotes and homozygotes (here collectively referred to as wild-type) carrying the TM3, ftz-1acZ Sb e balancer, double staining with Trg and 1ucZ digoxigenin-tagged DNA probes was used. A 2.6 kb cDNA fragment (Kispert et al., 1994) was labeled to make the Trg probe. Hybridization was visualized by anti-digoxigenin antibody and NBT/X-Phos (Boehringer Mannheim) staining.
Antibody staining and phenotypic analysis
The hindgut and Malpighian tubules of the embryos were detected by staining with the mouse monoclonal anti-crumbs (crb) antibody, a generous gift of E. Knust. As described for in situ hybridization, tll homozygotes were distinguished from heterozygotes and homozygotes by use of the frz-LucZ balancer; double antibody staining was carried out with anti-crb and anti-p-gal antibody (rabbit). The protocol used was derived from Ashbumer (1989). The anti-crb antibody was used at a dilution of 1:lOO and the anti-/I-gal antibody at 1:20 000. Both secondary antibodies were biotin-conjugated and used at a dilution of 1:2000 (goat anti-mouse and goat anti-rabbit, Jackson Laboratories). The pattern of crb expression was visualized by detecting HRP activity in a reaction with Hz02 and DAB (giving a reddish brown precipitate); /3-gal expression (under the control of the ftz promoter) was visualized by the same reaction in the presence of NiClz (giving a bluish-black precipitate). After double staining, the embryos were dehydrated through a series of ethanol washes and then whole mounted in Epon (Polysciences).
To quantitate the effect of the various tll alleles on hindgut size, measurements were made of the hindgut cross-sectional area (in optical section) using a Hamamatsu Argus-10 image processor attached to a compound light microscope (Zeiss Axiophot). To correct for size differences among embryos, each hindgut area measurement was normalized to the square of the embryo length. The average embryo length was determined to be 444 + 25 ,um, average hindgut cross sectional area 1854 + 380pm2, and average length of the hindgut 210 + 23 pm, or about half of embryo length (for all measurements, n was approximately 80, and embryos were at stages 15, 16 and 17). As noted by Skaer (1993) , hindgut length does not increase significantly in going from stage 15 to 17. We note that hindgut cross-sectional area is proportional (by a factor of JG) to the total area of the hindgut epithelium, which can be considered a bent cylinder.
Polymerase chain reaction amplification, single stranded conformational polymorphism analysis and sequencing of tll alleles
Since all tll mutant alleles are lethal, DNA was isolated from approximately 50 heterozygous adult flies of each stock (Hariharan et al., 1991) . The portions of the 111 gene encoding the DNA-binding and ligand-binding domains were amplified by the polymerase chain reaction (PCR). For single stranded conformational polymorphism (SSCP) analysis (Orita et al., 1989) , PCR fragments labeled by using a modification of the HOT START procedure (Perkin Elmer Cetus) were digested with restriction enzymes to obtain appropriate size subfragments; these were purified and electrophoresed in SSCP gels using a protocol derived from the MDEB/SSCP acrylamide kit (AT Biochemicals Inc.). For sequencing, PCR products were subcloned into pBluescript KS(+) (Stratagene) and sequenced using the Sequenase Version 2.0 Sequencing Kit (United States Biochemical) and appropriately located primers. Approximately ten independent clones were sequenced from each region of each allele; each tll allele was compared to the parental chromosome on which it had been induced. More details on the procedure as well as the primers used for amplification and sequencing are provided by Diaz ( 1994) .
